since the contribution of T. forsythia-released MGO and its mechanistic relationship to the pathogenesis of PD has not been investigated. MGO is an electrophilic compound which, by covalently modifying the side chain amino groups of lysine and arginine and the thiol group of cysteine in proteins can generate inflammatory adducts known as advanced glycation endproducts (AGEs). AGEs are inflammogenic molecules as they activate RAGE ('receptor for AGEs') on macrophages and endothelial cells to induce the release of inflammatory cytokines. The accumulation of MGO is associated with several inflammatory pathologies, including atherosclerosis, diabetes and aging-related diseases with an inflammatory etiology. In these diseases, MGO accumulates in the body mainly as a by-product of host glycolysis and/or secretion by the gut microbiota. 15, 16 With regard to PD, the severity of disease has been shown to be correlated with levels of MGO and red-complex bacteria, including T. forsythia. 17 The purpose of this study was to characterize and define the role of MGO produced by T. forsythia.
In this study, we identified a functional ortholog of methylglyoxal synthase of T. forsythia (TfMgsA) and showed that MGO produced by T. forsythia can induce the formation of AGE adducts, which may promote inflammation in the periodontal setting.
| MATERIAL S AND ME THODS

| Bacterial strains and culture conditions
Tannerella forsythia ATCC 43037 was grown in TF broth (TFB; brainheart infusion medium containing 5 μg mL −1 hemin, 0.5 μg mL −1 menadione, 0.001% N-acetylmuramic acid, 0.1% l-cysteine and 5% fetal bovine serum) as liquid cultures or on plates containing 1.5% agar in broth under anaerobic conditions as described previously. 18 An isogenic T. forsythia mutant TFM-1726 with an inactivated mgsA gene encoding methylglyoxal synthase (MgsA; construction described below) was grown in broth or agar plates containing 5 μg mL −1 erythromycin.
| Construction of the mgsA-inactivated strain
The open reading frame BFO_1726 in T. forsythia annotated as a predicted homolog of mgsA in the genome database (http:// img.jgi.doe.gov) was targeted for insertional inactivation with an erythromycin (Em) cassette as per a previously described protocol. 18, 19 Briefly, a DNA fragment containing the ermF gene flanked by the upstream and downstream regions of BFO_1726 was generated by overlap extension polymerase chain reaction (PCR) using the primer sets listed in Table 1 . To obtain this fragment, the 5′ and 3′ regions of BFO_1726 were amplified with the primer sets TfmgsA1F/TfmgsA3R and TfmgsA6F/ TfmgsA2R, respectively, from the T. forsythia 43037 genomic DNA. The ermF fragment was amplified by PCR with the primer set TfmgsA4F/TfmgsA5R from the pVA2198 plasmid DNA. 20 All three DNA fragments were combined and an overlap PCR reaction was carried out with the primer set TfmgsA1F/ TfmgsA2R to yield a 3741-bp fragment, which was gel puri- In parallel wells, a mouse isotype immunoglobulin G (10 μg mL −1 ) was used as a control. Sterile TFB medium (20 μL per well) was used as a MGO-negative control. Preliminary experiments in our laboratory indicated that when more than 10% of total THP-1 culture volume consisted of TFB, the viability of THP-1 cells reduced significantly after 16 hours incubation as judged by trypan blue staining. We chose a TFB volume of 10% of total culture volume in all future experiments since at this level more than 95% of THP-1 cells were found to be viable. High-mobility group box 1 protein (HMGB1) was used as a positive control ligand for RAGE. 25 After stimulation, supernatants were collected and stored at −80°C until they were assayed for SEAP activity by a colorimetric enzyme assay (Quanti-Blue, InVivogen Inc.).
| Quantification of cytokine levels
Culture supernatants were collected from THP-1 cells after challenge with bacterial culture supernatants and or modified collagen as above to assess the levels of interleukin (IL)-1β, tumor necrosis factor-alpha (TNF-α), IL-6 and IL-10 by BioPlex-MAGPIX (BioRad, Hercules, CA) and ELISA kits (Life Technologies Corporation, Frederick, MD) as per the manufacturers' instructions. Supernatants were used undiluted and at 1:10-fold dilutions. The detection limit for all cytokines was 5 pg mL −1 .
| Statistical analysis
Data were analyzed on Graph Pad Prism software (Graph Pad, San Diego, CA). Comparisons between groups were made using analysis of variance with an appropriate post hoc t-test for between-group comparison. Statistical significance is defined as P < .05.
| RE SULTS
| Inactivation of mgsA impairs MGO production in T. forsythia
The BFO_1726 open reading frame in T. forsythia is a predicted 
| Tannerella forsythia MGO forms glycated collagen
Next, the ability of T. forsythia culture supernatants to induce the formation of AGEs was assessed. For this purpose, type I collagen was subjected to SDS-PAGE following treatment with cell-free bacterial culture supernatants. TFB and commercial MGO were used for negative and positive treatment controls, respectively. The migration pattern of collagen chains was compared with untreated collagen samples as previously described. 23, 27 The results showed the formation of gly- Figure S1 in the online Supporting Information.
| Tannerella forsythia MGO drives glycation adduct formation to induce proinflammatory cytokine production via RAGE
MGO and MGO-derived glycated adducts can activate NF-kB, cJun N-terminal kinase (JNK) and p38 mitogen-activated protein F I G U R E 1 MGO production by T. forsythia. MGO in the spent media from the wild-type (Tf43037) and mutant TFM-1726 strains was estimated by ELISA (A) and HPLC (B); sterile medium (TFB) was used as a control. For HPLC, MGO was measured as the 6,7-dimethoxy-2-methylquinoxaline derivative and hexanedione (HDO), used as an internal standard, was measured as 6,7-dimethoxy-2-methyl-3-pentylquinoxaline derivative. *P < .05; ***P < .001 kinase (MAPK) signaling pathways in endothelial cells and leucocytes, driving the release of inflammatory cytokines. [28] [29] [30] [31] To assess the immunogenic potential of T. forsythia MGO-induced AGE adducts, we utilized THP1-Blue reporter cells in which inflammatory receptor-induced NF-kB activation can be monitored by assaying for SEAP. 32, 33 Importantly, we confirmed that the RAGE receptor, which can induce NF-kB, is indeed expressed on the surface of THP-1 monocytes. As demonstrated by the flow cytometric data ( Figure 3A) , THP-1 cells were specifically stained with a RAGEspecific mAb but not with an isotype control antibody. Regarding RAGE receptor activation, our data clearly showed that while the culture supernatant from the wild-type strain was able to activate NF-kB, the culture supernatant from the mutant TFM-1726 at similar dilutions was ineffective ( Figure 3B ). In addition, the anti-RAGE mAb significantly blocked the induction of NF-kB by wild-type culture supernatant. As expected, anti-RAGE antibody blocked the activity of the RAGE ligand HMGB1 but not that of Escherichia coli lipopolysaccharide (LPS) used as a non-RAGE ligand. 25 To confirm the inflammogenic potential of T. forsythia-derived MGO,
we assayed the levels of pro-and anti-inflammatory cytokines from F I G U R E 2 MGO produced by T. forsythia promotes collagen glycation. Forty-eight-well cell culture plates were coated with a bovine type-I collagen solution for 1 hour at 37°C. The collagen matrix was then incubated with either commercial MGO (1 and 5 mmol L −1 ), spent medium (50 and 100 μL) from Tf43037 or TFM-1726 culture, or sterile TFB for 48 hours at 37°C. Collagen matrix wells were washed twice with water and collagen fibrils were extracted with 5% SDS and separated by SDS-PAGE followed by silver staining 
| D ISCUSS I ON
In this study we identified and confirmed BFO_1726 as the functional
MgsA involved in the synthesis of MGO in T. forsythia. Furthermore, we showed that MGO production in T. forsythia plays a role in the for- or mutant (collagen + TFM-1726) spent medium; collagen treated with TFB or MGO was used as a control (B). (A) *P < .05; **P < .005; ***P < .001 (n = 3). (B) *P < .01 TFB-treated collagen; # P < .01 vs Tf43037 spent medium-treated collagen modification. 23, 27 The proinflammatory cytokines IL-1β and TNF-α contribute to pathological bone loss in PD. IL-1β and TNF-α stimulate osteoclastogenesis largely through upregulation of the receptor activator for NF-κB (RANK) ligand. 34, 35 MGO produced by intestinal bacteria is reported as a potential toxic metabolite involved in many gut diseases, including functional constipation. 36 Moreover, microbiomes of functionally constipated individuals show a lower abundance of genes involved in MGO degradation compared with healthy microbiomes. 37 Together, these studies point to MGO being a toxic metabolite in gut diseases. Furthermore, MGO can modify human β-defensin peptides by reacting with lysine, arginine and cysteine residues, thereby blocking their antimicrobial as well as chemotactic function. 38 MGO is a highly reactive molecule produced by the host and bacteria that can covalently modify the arginyl, lysyl and sulfhydryl residues of proteins, resulting in the crosslinking and modification of host proteins which may lead to loss of protein integrity and function. [39] [40] [41] [42] MGOmodified proteins can also interact with specific cellular receptors to induce cellular stress responses including endocytosis, cytokine release and apoptosis. It has also been shown that MGO in free form can trigger the production of proinflammatory cytokines, chemokines and cell adhesion molecules (P-selectin, E-selectin and ICAM-1) by activating various signaling pathways such as NF-kB, JNK and MAPK pathways in endothelial cells and leucocytes. [28] [29] [30] [31] In addition to the toxic killing effect of MGO on bacterial cells, MGO can also modify its virulence components such as fimbriae, flagella and others. 43 Considering the inflammogenic and toxic potential of MGO, we predict that MGO produced by T. forsythia may contribute to the pathogenesis of PD via multiple and complex pathways. However, it remains to be seen whether T. forsythia possesses systems to detoxify self-produced MGO: bacteria that produce MGO have an array of detoxification pathways for MGO. 44 In conclusion, we have demonstrated the inflammogenic potential of T. forsythia MGO via the formation of immunogenic AGEs and the triggering of inflammatory signals in immune cells. We also speculate that MGO produced by T. forsythia might drive dysbiotic inflammation due to its potential toxicity to the resident oral flora.
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